We report the first exocyclically metallated tetrapyridinoporphyrazine, [tetrakis-(trans-Pt(NH3)2Cl)tetra(3,4-pyrido)porphyrazine-zinc(II)](NO3)4 (4), synthesized in a multistep synthesis starting from 3,4pyridinedicarbonitrile (1). The synthetic procedure involved a platination reaction of the intermediate tetra (3,4-pyrido)porphyrazine-zinc(II) (2), whereby the zinc(II) enhanced the solubility of the intermediate enabling the platination reaction. A similar approach to synthesize [tetrakis-(trans-Pt(NH3)2Cl)tetra(3,4-pyrido)porphyrazine](NO3)4 (5) failed due to the unsuitable solubility properties of the intermediate tetra(3,4-pyrido)porphyrazine (3). The final product 4 and the intermediates were characterized, the photochemical and photophysical properties were determined and the photocytotoxicities were investigated. We demonstrate that the platinated tetra-pyridinoporphyrazine 4 is a potential photosensitizer for photodynamic therapy (PDT). (2019). Exocyclically metallated tetrapyridinoporphyrazine as a potential photosensitizer for photodynamic therapy.
Introduction
Photodynamic therapy (PDT) is a powerful therapeutic method that utilizes a photosensitizer (PS), activated by light, to create irreversible damage to the target tissue. PDT is widely used for the treatment of a variety of premalignant and malignant diseases. [1] [2] [3] [4] [5] [6] [7] [8] Besides being a valuable therapy in oncology, it is applied as a treatment for localized infections, arterial diseases and menorrhagia. 9 The non-invasive nature of the treatment together with the possibility for spatial and temporal control, lack of cumulative toxicity and compatibility with other treatment methods render PDT a very attractive therapeutic method for different types of cancer. 2, 9 PDT uses three main components; a PS, light of a specific wavelength, and molecular oxygen in the tissue. The PS is introduced into the organism where it accumulates in the tissue to be treated. Further, the tissue-localized PS is excited from its singlet ground state (S 0 ) to the first excited state (S 1 ) by light of an adequate wavelength. After undergoing intersystem crossing (ISC) from the S 1 state, the energetically lower long-lived triplet state (T 1 ) of the PS can generate singlet oxygen ( 1 O 2 ) and/or other reactive oxygen species (ROS) while the PS relaxes to its ground state. 10 The generated ROS cause cellular damage leading to the induction of cell death pathways. 1, 4 An ideal PS should exhibit a high chemical stability, low dark toxicity, specificity to the target tissue as well as strong electronic transition intensities between 650 nm and 850 nm, referred to as the phototherapeutic window. 11 Wavelengths shorter than 650 nm display low tissue penetration and wavelengths longer than 850 nm are unable to induce the ROScreating PS pathways due to a lack of energy. 9 Additionally, the PS requires amphiphilic properties for the transportation inside the body and cellular uptake. 3, 11 Current PDT limitations are mostly attributed to PSs with absorption ranges below 650 nm, resulting in a low tissue penetration of the required light. Furthermore, in vivo accumulation of PSs due to hydrophobic interactions results in a reduced cellular uptake, lowering the efficiency of the treatment. 12, 13 Our group has previously reported the synthesis of exocyclically tetraplatinated porphyrins. 14 These compounds displayed high phototoxic indexes (PI) against cancer cells, high singlet oxygen quantum yields (Φ Δ ) and a relevant cellular uptake. 14 However, porphyrins are known to exhibit twenty times higher excitation coefficients in the blue region of the electromagnetic spectrum compared to the red region that lies in the phototherapeutic window. 8, 11, 15 To counter these PDT limit-ations of porphyrins, we propose the investigation of exocyclically platinated tetra( pyrido)porphyrazine-based PSs. Tetra( pyrido)porphyrazines and phthalocyanines are planar aromatic macrocycles related to porphyrins and they display an exceptional stability as well as a strong light absorption around 670 nm, rendering them ideal for PDT in terms of absorption properties. 10 In order to counter their high aggregation tendency and low solubility in aqueous media, we propose the exocyclic platination of tetra( pyrido)porphyrazines which induces a fourfold positively charged character. The exocyclic platination constitutes an alternative to the incorporation of hydrophilic side groups. 1 Cationic porphyrazines were previously reported to exert an antibacterial effect and Zimcik and co-workers have reported a twelvefold cationic tetra( pyrido)porphyrazine, which displays an excellent dark to light toxicity ratio. 16, 17 Additionally, various pyridyl-substituted porphyrazines, which were coordinated to palladium or platinum, are reported in literature. [18] [19] [20] [21] However, to the best of our knowledge, no exocyclically metallated tetra( pyrido)porphyrazines have been reported so far.
Cisplatin is a known and extensively used chemotherapeutic drug for the treatment of different cancer types including ovarian and testicular cancer, whereby it induces cytotoxicity by interfering with the DNA replication. 14, 22 Hence, in addition to improving the PDT efficiency, the exocyclic platination of tetra( pyrido)porphyrazines can render the compound a potential dual chemotherapeutic agent. 14 Upon intravenous administration, cisplatin maintains a relatively stable neutral state and forms cationic aqua complexes after cellular uptake due to the lower intracellular chloride concentration. These positively charged aqua complexes are unable to diffuse out of the cell and bind to intracellular targets, most notably DNA, which constitutes the main target. 23 Therefore, the platination of PSs could lead to a higher accumulation of the PS in cancerous cells, resulting in a more efficient treatment. Current clinically used platinum(II) drugs show side effects such as nephrotoxicity, ototoxicity, hepatotoxicity and cardiotoxicity. Moreover, they are ineffective against certain cancer types due to intrinsic or acquired resistance and these limitations call for new improved platinum(II)-based chemotherapeutic agents. 14, 24 In our previous study, a porphyrin coupled to transplatin showed the highest efficiency. 14 Similarly, we reacted tetra(3,4pyrido)porphyrazines with four equivalents of transplatin, resulting in the synthesis of [tetrakis-(trans-Pt(NH 3 ) 2 Cl)-tetra-(3,4-pyrido)porphyrazine-zinc(II)](NO 3 ) 4 (4). The compound was characterized for its photochemical and photophysical properties along with photocytotoxicity, DNA-binding constant and intracellular localization in HeLa cells.
Results and discussion

Synthetic procedures
The syntheses of two tetra(3,4-pyrido)porphyrazines were executed with 3,4-pyridinedicarbonitrile (1) as starting material, resulting in tetra(3,4-pyrido)porphyrazine-zinc(II) (2) [25] [26] [27] and 29H,31H-tetra(3,4-pyrido)porphyrazine (3). 28 Both syntheses were carried out according to literature reports, 2 as reported by Dupouy et al. 27 and 3 was synthesized according to the procedure reported by Ramirez et al. 28 (Scheme 1).
Both tetra (3,4-pyrido) porphyrazines were synthesized in a one-step synthesis, with DBU acting as base, catalyzing the reactions. The main difference is the presence of Zn(OAc) 2 ·2H 2 O in the synthesis of 2, resulting in zinc(II) acting as a template to facilitate the cyclotetramerization, which is reflected in the in the high yield of 64%. During the formation of 3 however, the lack of a metal ion lead to the formation of various polymers. This resulted in a lower yield of 3 (28%) compared to 2.
During the reaction, DBU deprotonates the alcohol which then undertakes a nucleophilic attack on both the nitrile groups, leading to two different intermediates. Hence, the cyclotetramerization process leads to four different regioisomers of 2 and 3 ( Fig. 1) .
A reaction mechanism for the synthesis of phthalocyanines from phthalonitriles was proposed by Tomoda et al. 29 This mechanism is equivalent to the synthesis of the tetra(3,4pyrido)porphyrazines reported in this work and is shown in the ESI (Scheme S1 †).
The presence of 2 and 3 was confirmed with IR and UV-Vis spectroscopy as well as with (+)-ESI-MS and EA. Due to the low solubility emerging from the large conjugated aromatic systems of both tetra(3,4-pyrido)porphyrazines, 2 and 3 could not be characterized by 1 H-NMR and 13 C-NMR spectroscopy. This is a known limitation, as no NMR data were reported for both 2 and 3 in literature so far. [25] [26] [27] [28] Characterization of 2 by 1 H-NMR spectroscopy was reported by Szulbinski et al., 25 however, the corresponding data could not be found in the publication.
In a second step, 2 and 3 were further used to synthesize the two tetraplatinated compounds [tetrakis-(trans-Pt(NH 3 ) 2 Cl)tetra(3,4-pyrido)porphyrazine-zinc(II)](NO 3 ) 4 (4) and [tetrakis-(trans-Pt(NH 3 ) 2 Cl)-tetra(3,4-pyrido)porphyrazine](NO 3 ) 4 (5) . Transplatin (6) was used for both reactions and was pre-activated with AgNO 3 in DMF according to our previously reported procedure. 14 The formed [trans-Pt(NH 3 ) 2 Cl]NO 3 (7) was then used for the tetraplatination of both tetra(3,4-pyrido)porphyrazines 2 and 3 (Scheme 2).
The platination approach with DMF as solvent was successful in the case of 4 with a yield of 48%. The same platination approach failed in the case of 5 due to the low solubility of 3. A further approach involving the use of an EtOH/DMF mixture as solvent for the tetraplatination of 3 was similarly unsuccessful. This indicates that in contrast to the tetraplatinated 5,10,15,20-tetra(4-pyridyl)porphyrin compounds 14 reported previously by our group, free base tetra(3,4-pyrido)porphyrazines exhibit a too low solubility to be used for platination reactions. Therefore, we propose the investigation of exocyclically tetraplatinated metallo-tetra( pyrido)porphyrazines as potential PSs for PDT, as the presence of zinc(II) enhanced the solubility and enabled a exocyclic platination of 2 compared to its free base analogue 3. The presence of 
Photochemical and photophysical properties
UV-Vis absorbance spectra of both the non-platinated tetra-(3,4-pyrido)porphyrazines 2 and 3 as well as the tetraplatinated compound 4 were measured in DMF. The comparison of the absorbance spectra of 2 and 3 shows a similar absorption spectrum with two Q-bands at 663 and 674 nm in the case of 2 and at 660 and 669 nm for 3, respectively. Also, the B-band is similarly located at 380 nm in the case of 2 compared to 388 nm in the case of 3. The absorbance spectrum of 4 shows that the platination redshifts both the B-band and Q-bands, leading to a B-band at 402 nm and two Q-bands at 680 and 692 nm in the case of 4. The superimposed UV-Vis spectra of 2, 3 and 4 are shown in Fig. 2 .
Fluorescence emission spectra of 2, 3 and 4 were measured in DMF. The superimposed normalized fluorescence emission spectra are shown in Fig. 3 . All three tetra(3,4-pyrido)porphyrazines were excited at 640 nm. The fluorescence emission maxima of the three compounds are similar showing values of 680 nm, 678 nm, 678 nm for 2, 3 and 4, respectively. Compared to the UV-Vis absorption spectra, a red-shift is observed in the case of the non-platinated tetra(3,4-pyrido)porphyrazines 2 and 3 and a small blue-shift was observed in the case of 4.
Fluorescence emission lifetimes (τ) of 2, 3 and 4 were measured as solutions in DMF with a 640 nm excitation wavelength ( Table 1 ). All three samples 2, 3 and 4 showed similar τ around 3.00 ns (τ = 3.06 ns for 2, 2.99 ns for 3 and 2.80 ns for 4). These values suggest that metallotetrapyridinoporphyrazines and free base tetrapyridinoporphyrazines do not differ in fluorescence emission lifetimes and that the exocyclic platina- 
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This journal is © The Royal Society of Chemistry and Owner Societies 2019 tion does not shorten the lifetime of metallotetrapyridinoporphyrazines considerably. Fluorescence quantum yields (Φ f ) of 2, 3 and 4 were measured in DMF with an excitation wavelength of 640 nm ( Table 1) . The determined Φ f values were 0.15 ± 0.02 for 2, 0.07 ± 0.02 for 3 and 0.01 ± 0.02 for 4. A major difference was observed for the Φ f of 4 and its non-platinated precursor 2, with 2 showing a Φ f 14-times larger than 4. This difference is attributed to the attached platinum nuclei in the case of 4. Platinum(II) is reported to induce a heavy atom effect when attached to the photochemical system of a PS leading to larger percentages of ISC and hence, a smaller percentage of relaxation through fluorescence emission. 30, 31 This behavior is desired in the case of PSs for PDT as a higher rate of ISC and relaxation through ROS production renders a PS more efficient. This underlines an additional beneficial property of platinated PSs for PDT, next to the improved solubility in aqueous media, improved cellular uptake and potential dual chemotherapeutic effect.
The singlet oxygen quantum yields (Φ Δ ) of 2, 3 and 4 were determined based on the phosphorescence of the emerging singlet oxygen ( 1 O 2 ) at 1270 nm ( Table 1 ). All three compounds were dissolved in DMF-d 7 and excited at 630 nm, as deuterated solvents were reported to increase the 1 O 2 lifetime, leading to a more precise determination of the Φ Δ values. 32 Φ Δ values of 0.21 ± 0.02 and 0.06 ± 0.01 were obtained for 2 and 3, respectively, which is in line with the Φ f results, as the aggregation of 3 in DMF is higher compared to 2, leading to smaller quantum yield values. The low Φ Δ prevents 3 from being an efficient PS, meanwhile the Φ Δ of 2 justifies further optimization through platination. Interestingly, no phosphorescence at 1270 nm from generated 1 O 2 was observed in the case of compound 4. This indicates that the tetraplatination has an effect on the type of ROS species produced by the PS, as the non-platinated precursor 2 was able to produce 1 O 2 in contrast to 4. To verify that 4 undergoes another mechanism upon irradiation leading to the production of other ROS species such as hydroxyl radicals that do not exhibit phosphorescent properties at 1270 nm, intracellular ROS production experiments were performed with 4.
Photostability experiments of 2, 3 and 4 were measured in DMF. The solutions used for the UV-Vis data were remeasured after one week under light exclusion and for a second time after an additional week in day light. In both measurements, no significant decay was observed, indicating that 2, 3 and 4 are photostable in solution ( Fig. S2 †) .
Photocytotoxicity experiments
In vitro photocytotoxicity assays were carried out to evaluate the anti-cancer activity of 2 and 4 ( Fig. 4 ). As the nucleus regulates gene expression and controls replication during cell cycle, (light-induced) DNA damage caused by the PS inhibits the cell division in cancer cells, leading to one of the various cell death pathways. 1, 4 IC 50 values of 2 and 4 were determined in the HeLa cell line in the dark as well as after irradiation with light to investigate the photocytotoxicity of 2 and 4. The IC 50 values of 2 turned out to be relatively high (34 μM in the dark and 28 μM after irradiation with light), resulting in a phototoxic index (PI) of 0.8, which indicates that compound 2 lacks a significant photocytotoxicity. Conversely, 4 showed a lower IC 50 value not only after light irradiation but also in the dark (12 μM in the dark and 1.6 μM after irradiation with light), resulting in a PI of 7.5. These results show, that 4 acts as a dual chemotherapeutic agent, as the dark toxicity IC 50 value of 4 is almost three times lower compared to 2 due to the DNA-binding ability of the attached platinum complexes, inducing at the same time a photocytotoxicity that was not observed in the case of compound 2. A comparison experiment with the well-known chemotherapeutic drug cisplatin (CisPt) showed that CisPt exhibits an even higher IC 50 value (17.9 μM) under light exclusion compared to 4, while not showing any photocytotoxicity after irradiation with light as expected (17.4 μM). These results underline the dual chemotherapeutic effect of 4 and show that single digit micromolar concentrations of 4 are able to induce photocytotoxicity. 
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A comparison of the PI values of both tetrapyridinoporphyrazines 2 and 4 with other porphyrazines reported in literature is shown in Table 2 . The selection of compounds was based on the usage of similar light intensities for the determination of the PI values. The comparison shows that 2 is indeed not applicable as a potential photosensitizer for PDT, as it lacks photocytotoxicity. On the contrary compound 4 shows photocytotoxicity, however the PI value is rather small compared to other porphyrazines reported in literature. [33] [34] [35] This is attributed to the low dark toxicity value of 4, as none of the compared porphyrazines was designed to cause a dual chemotherapeutic effect. Therefore, the PI value of 4 is not directly comparable with the values reported for these porphyrazines.
The intracellular localization of 4 was investigated using fluorescence microscopy ( Fig. 5 and S3 †) . HeLa cells were treated with 4 (50 μM, red), stained with Hoechst 33258 (blue, showing the nucleus) and imaged using high resolution confocal laser scanning microscopy (CLSM). The results show that 4 is taken up by the cancer cells from the extracellular environment within 2 h. Compound 4 mainly accumulates in the nucleus, suggesting that 4 interacts with DNA, leading to subsequent DNA damage and resulting in photocytotoxicity. Additionally, no staining of the cytoplasmic or nuclear membranes by compound 4 was detected.
The DNA-binding ability of 4 was determined with an ethidium bromide (EB) intercalator displacement assay (Fig. 6 ). The competition of 4 with EB for intercalating sites on ctDNA was investigated by fluorescence emission during an EB displacement titration. The competitive binding of 4 was calculated as the apparent binding constant K app using fluorescence spectra of EB (2 μM) saturated with ctDNA (100 μM) in a 9 : 1 PBS/DMF solvent mixture similar to our previous publication 14 using eqn (E1) reported by Boger et al. 37
In (E1), K EB is the binding constant for EB (K EB = 1.0 × 10 7 M −1 ), [EB] designates the concentration of EB (2 μM) and [4] designates the concentration of 4 at 50% quenching of the ctDNA bound EB fluorescence emission.
The fluorescence emission of the intercalated EB at 600 nm (λ ex = 546 nm) was monitored with stepwise increase in concentration of 4, whereby the fluorescence emission intensity of the intercalated EB spectrum decreased as a result of the competitive intercalating of 4 in ctDNA. A quenching of 50% of the ctDNA bound EB fluorescence emission was observed at a photosensitizer concentration of 13.8 μM, resulting in a K app of 1.4 × 10 6 M −1 . This binding constant shows a weaker intercalation activity for ctDNA compared to EB while neglecting the crosslinking activity of 4 that is not present in EB.
Further, we investigated whether the phototoxicity exhibited by 4 could be attributed to increased intracellular ROS levels ( Fig. 7 and S4 †). HeLa cells were treated with 12 μM of 4 and subjected to irradiation by the same light as used for the photocytotoxicity assays. The ROS levels were detected using 2′,7′-dichlorodihydrofluorescein diacetate (H 2 DCF-DA) followed by fluorescence-activated cell sorting (FACS) analysis. The non-fluorescent H 2 DCF-DA is converted into fluorescent 2′,7′-dichlorohydrofluorescein (DCF) upon oxidation by intracellular ROS produced by photoactivation of the PS. 5, 38 Cells treated with 4, displayed significantly higher ROS levels after light irradiation, compared to treatment with light irradiation alone or 4 alone ( Fig. 7 and S4 †) . The data demonstrates that photoactivation of 4 increases the percentage of cells displaying an increased ROS level by more than 27-fold compared with the treatment of 4 in the dark, leading to the observed photocytotoxicity. The increased ROS levels following light irradiation demonstrate, despite the lack of detection of 1 O 2 in the Φ Δ measurements, that 4 produces ROS species other than 1 O 2 to induce photocytotoxicity. 
n-Octanol/water distribution
The n-octanol/water system has been widely used as a measure of lipophilicity/hydrophilicity in modelling biological partition/distribution to evaluate the distribution of potential drug candidates in vivo. 39 The distribution of compounds 2 and 4 in an n-octanol/PBS ( pH 7.4) system was determined using the shake-flask method and quantified using RP-UPLC-ESI-MS ( Fig. S5 †) . 40 The results showed that 2 is strongly lipophilic, as the compound was not detected in the PBS phase and showed complete accumulation in the n-octanol phase. This is in line with the known aqueous solubility-based limitations of similar compounds such as zinc phthalocyanine. 41 Conversely, the tetraplatinated compound 4 only accumulated in the aqueous phase while not being detectable in the n-octanol phase. This shows that the platinationinduced fourfold positively charged character enhances the hydrophilicity, rendering the compound usable in aqueous systems such as the human body. Additionally, the high hydrophilicity of 4 is advantageous for fast renal clearance and to overcome issues connected with prolonged photosensitivity after treatment. 13 
Experimental
The chemicals used were obtained from Acros Organics, Chempur, Fluorochem, Fluka and Sigma-Aldrich, solvents used for analysis were of reaction grade (Emsure), the remaining solvents were of technical grade (Honeywell). Reactions were monitored for completion by analysing a small sample by TLC. Thin layer chromatography (TLC): Merck TLC plates silica gel 60 on aluminium with the indicated solvent system; the spots were visualized by UV light (254 nm and 366 nm). UV-Vis spectra: Specord ® 250 PLUS spectrophotometer (Analytic Jena); λ max in nm. Fluorescence emission spectra: FLS900 fluorescence spectrometer (Edinburgh Instruments); λ max in nm. Fluorescence emission lifetime measurements were carried out on a FLS900 fluorescence spectrometer (Edinburgh Instruments) using an EPL-Laser ( picosecond pulsed diode laser) for excitation and a cooled micro-channel plate photomultiplier (MCP-PMT) for single photon counting. Fluorescence quantum yields (Φ f ) were determined on a FLS900 fluorescence spectrometer (Edinburgh Instruments) using a F-M01 Integrating Sphere Assembly (Edinburgh Instruments) and the corresponding software (Edinburgh Instruments). Samples were measured as solutions in 1 cm quartz cells. IR spectra: SpectrumTwo FT-IR Spectrometer (PerkinElmer) equipped with a Specac Golden Gate™ ATR (attenuated total reflection) accessory; applied as neat samples; 1/λ in cm −1 . 195 Pt-NMR spectra in the indicated solvent mixture; Bruker AV-500 (107.5 MHz); δ in ppm rel. to K 2 PtCl 6 in D 2 O (δ 0). High-resolution electrospray mass spectra (HR-ESI-MS) were recorded on a maXis QTOF-MS instrument (Bruker). Samples were dissolved in an appropriate solvent at a concentration of around 1 µmol mL −1 and analyzed via continuous flow injection (2 μL min −1 ). The mass spectrometer Fig. S6 †) .
Synthetic procedures
Synthesis of tetra(3,4-pyrido)porphyrazine-zinc(II) (2). [25] [26] [27] A 100 mL two-necked round bottom flask, connected to a reflux condenser, was charged with n-pentanol (7.5 mL), Zn(OAc) 2 ·2H 2 O (92.2 mg, 0.42 mmol) and 3,4-pyridinedicarbonitrile (1, 200 mg, 1.55 mmol). The mixture was stirred under a N 2 atmosphere at 100°C for 10 min, afterwards DBU (0.23 ml, 1.55 mmol) was added dropwise and the mixture was stirred at 160°C for 18 h. After completion of the reaction, the mixture was cooled to 23°C and cyclohexane (40 mL) was added, then the mixture was kept at 23°C for 2 h. The formed precipitate was filtered and washed with H 2 O (20 mL) and hexane (20 mL) to afford a dark solid, which was further purified. The solid was dissolved in MeOH (20 mL) and stirred at 40°C for 1 h before H 2 O (30 mL) was added dropwise at 23°C to precipitate the product, which was filtered and recovered with MeOH (20 mL). Finally, 2 was obtained as a dark blue solid (150 mg, 0.03 mmol, 64%) upon drying in vacuo. Synthesis of 29H,31H-tetra(3,4-pyrido)porphyrazine (3). 28 A 50 mL two-necked round bottom flask, connected to a reflux condenser, was charged with n-octanol (16 mL) and 3,4-pyr-idinedicarbonitrile (1, 300 mg, 2.33 mmol). The mixture was stirred at 100°C for 10 min, afterwards DBU (1.40 mL, 9.32 mmol) was added dropwise and the mixture was heated to 185°C for 40 min with stirring. The reaction mixture was then stirred at 185°C for 2 h. After completion of the reaction, the mixture was cooled to 23°C and the formed precipitate was filtered to afford a dark solid, which was further purified. The solid was dissolved in H 2 O (30 mL) and stirred at 55°C for 1 h. Afterwards the mixture was cooled down to 23°C and the solvent was pipetted out before the solid was dried in vacuo. This purification procedure was repeated with MeOH (70 mL), acetone (70 mL) and cyclohexane (70 mL). Finally, 3 was obtained as a dark violet solid (88 mg, 0.02 mmol, 28%) by transferring of the solid with the aid of MeOH (20 mL) and drying in vacuo.
Spectroscopic data of 3: 1498w, 1447w, 1412w, 1386w, 1323w, 1252w, 1237w,  1194w, 1156w, 1111m, 1077m, 1055w, 998s, 931w, 890w (4) . A 20 mL round bottom flask was charged with DMF (2 mL), trans-Pt(NH 3 ) 2 Cl 2 (6, 45 mg, 0.15 mmol) and AgNO 3 (26 mg, 0.15 mmol). The mixture was stirred at 55°C for 23 h under exclusion of light, afterwards the mixture was centrifuged and the yellow solution was transferred into a 20 mL round bottom flask. A solution of tetra(3,4pyrido)porphyrazine-zinc(II) (2) (20 mg, 0.03 mmol) in DMF (2 mL) was added and the mixture was stirred at 50°C for 48 h with exclusion of light. After completion of the reaction, the mixture was cooled to 23°C and MTBE (5 mL) was added. The mixture was filtered after 15 min, yielding a dark green precipitate. The precipitate was washed with MeOH, DCM, MTBE and n-hexane. Finally, 4 was obtained as a dark green solid (31 mg, 0.02 mmol, 48%) by transferring the solid with the aid of n-hexane (10 mL) and drying in vacuo.
Spectroscopic Singlet oxygen quantum yields. The singlet oxygen quantum yields (Φ Δ ) of 2, 3 and 4 were determined analogously to a method reported by Bonnet and coworkers. 42 The PSs were dissolved in DMF-d 7 and the solutions were placed in a glass cuvette (114F-10-40, 10 mm × 4 mm dimensions, Hellma Analytics). The concentrations were adjusted to an absorption intensity of 0.13 ± 0.02 at 630 nm, with the cuvette oriented in a way that the light path equals to 10 mm. The cuvettes containing the samples were placed in a CUV-UV/VIS-TC-ABS temperature-controlled Qpod sample compartment (Avantes) and cooled to 20°C; temperature control was performed with the use of a TC-125 controller (Quantum Northwest) and Q-Blue software. Emission spectroscopy was conducted in a custom-built setup (Fig. S7 †) , that is based on the setup described by Meijer et al. 42 Excitation was performed using a high-power-LED 630 nm light source (FC5-LED-WL, Prismatix). The light source was connected with an optical fibre (1000 μm core diameter, Avantes) to the cuvette holder over a SMA 905 fibre optic connector. The intensity of the light source was measured to be 10.0 mW cm −2 at the position of the cuvette. The excitation power was measured using a S310C thermal sensor connected to a PM100USB power meter (Thorlabs). The connection piece used to insert the SMA connector into the cuvette holder was replaced by an in-house custom-built connection piece that allows the fibre to be inserted at a distance of 2.0 cm from the cuvette. The detector (AvaSpec-NIR256-1.7TEC, Avantes) was set to 0°C and connected to the cuvette holder with an optical fibre (600 μm diameter, Avantes). Emission spectra were collected at a 90°angle with respect to the excitation beam from 1100 to 1400 nm after three measurement runs; every measurement run consisted of five averaged measurements each lasting 9 s. All spectra were recorded using AvaSoft 8.9 software from Avantes and further processed using Microsoft Office Excel and Origin 2018 software.
The singlet oxygen quantum yields were calculated by comparison with a known literature standard (zinc phthalocyanine (ZnPc): Φ Δ = 0.56 in DMF), 43 according to eqn (E2).
In (E2), the subscript × designates the corresponding photosensitizer and std the standard (ZnPc). Φ Δ is the singlet oxygen quantum yield. I 630 is the rate of light absorption calculated as overlap of the absorption spectrum of either PS or standard and the emission spectrum of the LED light source at 630 nm. E is the integrated emission peak of singlet oxygen at around 1270 nm. For these emission spectra, the integrated values were obtained by applying a manual background correction in Origin (Fig. S8 †) .
Cell culture. Human cervical carcinoma cells (HeLa) were cultured in DMEM (Gibco) supplemented with 5% fetal calf serum (Gibco), 100 U mL −1 penicillin, 100 μg mL −1 streptomycin. The cells were grown at 37°C and in 5% CO 2 humidified atmosphere.
Photocytotoxicity assays. The PS toxicity under light and dark conditions was evaluated for a HeLa cell line, using a resazurin-based fluorometric cell viability assay. Stock solutions of the PS (3 mg mL −1 ) were prepared in DMF and stored in the dark. The respective stock solutions were further diluted with the complete medium to desired working concentrations.
For a typical experiment, 100 μL aliquots of cells in growth medium were seeded in 96-well plates (density of 4 × 10 3 cells per well) and incubated at 37°C and 5% CO 2 . After 24 h of incubation, cells were treated with different concentrations (32 nM-100 μM, 200 μL final well volume) of the test compounds and incubated for 4 h under light exclusion. For light irradiation experiments, cells were treated for 4 h with compounds, and the medium was replaced by fresh medium. Each sample was placed 3 cm away from the red cut-off filter from the projector. Cells were exposed to light (white light projector with 600 nm filter) for 20 min (light intensity: 5.8 mW cm −2 for 20 min, light dose: 6.96 J cm −2 ), followed by additional incubation for 20 h. Thereafter, for all experiments, the medium was removed, 100 μL of freshly prepared resazurin containing complete medium (0.2 mg mL −1 final concentration) was added, and cells were incubated at 37°C for 4 h. Fluorescence of the resorufin product (λ ex = 540 nm) was quantified at 590 nm using a SpectraMax M5 microplate Reader. The reported cytotoxicity is an average of at least two independent experiments, with triplicate determinations for each drug concentration and the error bars demarcate the standard deviation (S.D.). Final DMF concentration in the wells was less than 0.5% (v/v) and control experiments with the same amount of DMF in culture medium showed no cytotoxic effect (results not shown).
Localization studies. HeLa cells were seeded in Ibidi μ-Slide 8-well glass bottom dishes and allowed to reach ≈70% confluency. The medium was replaced with new medium and freshly prepared solutions of drugs with a final concentration of 50 μM were added. After 2 h incubation with compounds, the cells were washed three times with PBS (0.5 mL) and stored in fresh media containing 10% FBS for live-cell imaging. Prior to imaging, the cells were incubated for 5 min with 1.5 μM Hoechst 33258 (final concentrations). The fluorescence of 4 was visualized with excitation from a 633 nm HeNe laser and the red emission was collected using a 650 nm long pass filter.
Detection of intracellular ROS levels. 2 × 10 5 HeLa cells in 2 mL DMEM supplemented with 5% FBS were seeded on 60 mm dishes. The following day, cells were treated with 12 μM compound 4 for 4 hours. Following the incubation, cells were washed with PBS and the medium was subsequently replaced with 2 mL DMEM. Cells were irradiated for 20 min with red light, as described for the photocytotoxicity assays. After irradiation, H 2 DCF-DA was added to the samples to a final concentration of 50 μM and incubated for 30 minutes at 37°C. Cells were washed twice with PBS and collected by trypsinisation. Cells were suspended in 1 mL PBS containing 1% FBS. Samples were analysed on an Attune NxT Cytometer (Thermo Fisher Scientific) using BL1 channel (excitation 488 nm, emission 515 nm) to measure DCF fluorescence. Results are expressed as mean percentage of ROS levels over cell population, obtained from three independent experiments with a minimum of 100 000 cells analysed per condition. The error bars represent standard deviation (S.D).
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Determination of the n-octanol/water distribution. Stock solutions (10 mM) of compounds 2 and 4 were prepared in DMSO and diluted with a PBS ( pH 7.4)/n-octanol system (1 : 1) to reach a final compound concentration of 2.5 mM in a volume of 1 mL. The mixtures were subsequently vortexed before equilibration at 23°C during 24 h. Then, the phases were separated and diluted equally (PBS phase in H 2 O, n-octanol phase in MeOH) to reach UPLC-suitable concentrations. The relative concentration of each compound in the n-octanol and PBS phase was determined through the area under curve in the analytical UPLC spectra.
Conclusion
The first exocyclically metallated tetrapyridinoporphyrazine 4 was synthesized, characterized and its photochemical and photophysical properties as well as its phototoxicity against a human cancer HeLa cell line were determined. A comparison of the IC 50 values of 4 and its nonplatinated precursor 2 shows a clear improved effectivity of the substance emerging through the exocyclic platination. Besides the additional heavy atom effect emerging through the platinum species coupled to the photochemical system, the platinum complexes help to increase the solubility of tetrapyridinoporphyrazine PS in aqueous media, induce a dual chemotherapeutic effect and potentially increase the cellular uptake. We therefore propose the further investigation of platinum(II)-coupled PS for PDT.
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Scheme S1. A reaction mechanism for the formation of 2 and 3 analogous to the one proposed by Tomoda et al. 1 Figure S1 : 195 
